High yields of mesophyll protoplasts were obtained from leaves of corn (Zea mays L., inbred W64A). Many protoplasts survived a week in the dark in a simple osmoticum. Culture filtrate from Helminthosporinum maydis race T at dilutions of 1:10,000 to 1:20,000 destroyed protoplasts with Texas male-sterile (TF) cytoplasm. Substantial damage to protoplasts with nonmale-sterile (N) cytoplasm occurred only at a 1:20 dilution. High concentrations of partialy purified H. maydis race T (HMT) toxin (32.5-130 jig dry weight/ml) did not reduce survival of protoplasts with N cytoplasm or C or S male-sterile cytoplasms after 6 days of exposure. Protoplasts with T or TRf (fertilty restored) cytoplasm coUlapsed within I to 3 days after treatment with 0.13 pg of HMT toxin/nl, which was onefifth the level causing 50% inhibition of T cytoplasm seeding root growth.
leaf discs (2, 7, 12, 13, 16, 17, 23, 24) , and callus (10) . Results of experiments using such materials can be variable, misleading, and/or difficult to interpret because of plant to plant variation, tissue heterogeneity, toxin penetration problems, or tendencies toward nonspecific responses. The problem is illustrated by the controversy over the site of toxin action in the susceptible cell.
Although mitochondria in situ (1) or isolated from (19) susceptible (but not resistant) corn are highly sensitive to toxin, results of certain experiments using tissues have led to the proposal that the plasma membrane is the more likely site of toxin action (2, 3, 8, 18 ).
An experimental system which allows rapid and uniform exposure of single cells to HMT toxin is highly desirable, but until recently large populations ofindividual corn cells could not readily be obtained. Techniques now available for isolation of plant protoplasts make feasible studies of toxin effects at the cellular level. A preliminary report by Pelcher et al. (22) showed that HMT toxin destroyed corn inbred WI2B T (but not N) proto-'This work was supported by Rockefeller Foundation Grant 75002.
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plasts and suggested that HMT toxin could be used to select resistant cells produced by genetic manipulations in vitro.
This paper presents a simple procedure for isolating and maintaining large populations of healthy corn protoplasts and describes in detail parameters which affect survival of protoplasts in the presence of HMT culture filtrate or partially purified toxin. The techniques described have already been used to demonstrate a rapid effect of HMT toxin on mitochondria within protoplasts (1) . They lay a foundation for asexual genetic manipulations and for physiological and ultrastructural studies of toxin effects at the cellular level.
MATERIALS AND METHODS
Preparation of H. maydis Race T Toxin. H. maydis race T toxin was produced by growing an isolate of race T for 13 days at 24 C in the dark on Fries medium plus yeast extract (26) . Liquid from cultures was filtered through cheesecloth, Whatman No. I filter paper, and a 0.22-jm Millipore filter. This culture filtrate (HMT filtrate) caused 50% inhibition of growth of W64A T seedling roots at a dilution of 1:750; it caused no inhibition of W64A N root growth at a dilution of 1:100. Partially purified toxin was prepared by extracting HMT filtrate four times with equal volumes of chloroform. The chloroform phases were pooled, the chloroform was removed by evaporation, and the residue was extracted with water to yield a stock preparation containing 6.5 mg dry weight/ml. This preparation (hereafter referred to as HMT toxin) had relatively high specific activity since it caused 50%o inhibition of W64A T (but not N) root growth at 0.65 ,ug dry weight/ml. Toxin prepared in this way is active and host-specific in all bioassay systems (27) used to identify H. maydis race T toxin.
HMT filtrate and HMT toxin were diluted in 0.5 M sorbitol + 10 mM CaCl12 2 H20, adjusted to pH 6, and sterilized through a 0.45-,um Millipore filter before addition to protoplast suspensions.
Toxin preparations were stored at 4 C.
Plant Materials. Zea mays L. inbred W64A with N, T, TRf, C, and S cytoplasm and inbreds C 103 and Mol7 in T cytoplasm were used. Plants were grown in fertilized 1:2 peat-vermiculite soil mix under a 12-hr photoperiod, about 25 C, either under metalhalide lamps in the laboratory (10,000 lux), in a growth chamber with cool white fluorescent lights (3,500 lux; relative humidity >90%o), or in the growth chamber, after 7 days under metalhalide lamps. Ten-to 20-day-old plants were used in most experiments but 3-to 6-week-old plants grown under metalhalide lamps were also satisfactory material.
Protoplast Isolation. The youngest fully expanded leaves were removed during the first 2 hr of the light cycle. Tip and basal portions were discarded and the remaining tissue was cut into pieces 5 cm long. For aseptic isolations all subsequent manipulations were done in a laminar flow hood using sterilized solutions and materials. Leaf pieces were soaked in 10o commercial bleach (0.525% NaOCl) for I min, rinsed in five changes of glass-distilled deionized H20, and blotted between paper towels. The underside of each leaf piece was sprinkled with 320 grit carborundum (6) and brushed 50 times in each direction with a 2-cm-wide water color brush sterilized in 95% ethanol and dried between paper towels. Carborundum was removed with five thorough water rinses. In early experiments, rubbed and rinsed leaf pieces were preplasmolyzed 45 to 60 min in 0. 5 (14) . Similar high yields of protoplasts were obtained from oat and sorghum leaves. These yields were achieved within 2 to 3 hr when young leaves from 10-to 20-day-old plants were used and in 4 to 5 hr from stiffer leaves from older plants. More protoplasts were released if incubation was continued after leaf disintegration began but the protoplasts often collapsed within 24 hr. A toxic effect of prolonged exposure to Driselase could be involved (28) . Yield from leaf pieces not rubbed with carborundum did not reach 106 protoplasts/g fresh wt even after 6 hr of incubation.
Culture and Examination of Protoplasts. In most experiments, 0.5 ml of protoplast suspension was mixed with an equal volume of either sorbitol + Ca, HMT toxin, or HMT filtrate in a 3.5-cm plastic Petri dish. Sorbitol + Ca was sometimes replaced by nutrient medium containing either B5 (9) or Murashige-Skoog (20) inorganic components plus thiamine HCI (0.4 mg/l), myoinositol (400 mg/l), 2,4-D (1-15 mg/l), and sucrose (20 g/l) in 0.4 M sorbitol. Plates were sealed with Parafilm and incubated at about 25 C in plastic boxes lined with moistened paper towels. 
RESULTS AND DISCUSSION
Diameters of freshly isolated corn mesophyll protoplasts suspended in 0.5 M sorbitol ranged from 20 to 40,um. The protoplasts burst in 0.3 M sorbitol. In greater than 0.7 M sorbitol, protoplasts shrank, chloroplasts were tightly clustered, and the vacuole bulged or was distended by cytoplasmic strands. After 1 to 3 days of culture in 0.5 M sorbitol + 10 mm CaCl2 .2 H20, 70 to 100%o of the initially healthy protoplasts were usually still intact (Fig. 1) . The protoplasts expanded, became more vacuolated, and developed more prominent cytoplasmic strands along which streaming was visible. Chloroplasts which were initially clustered gradually became more evenly distributed. After 7 to 10 days of culture, surviving protoplasts (often 30-50% of the initial population) were highly vacuolated with small pale green chloroplasts again clustered at one side. Some protoplasts survived 2 to 3 weeks in sorbitol + Ca but most were clumped and collapsed at that time.
Protoplasts cultured in nutrient media rather than in sorbitol + Ca alone expanded more and their chloroplasts remained larger, greener, and more evenly distributed. Survival of dark-grown protoplasts during the 1st week of culture was no better in nutrient . (Table I) . Among the abnormalities seen were contraction of the cytoplasm and chloroplasts to one side, breakdown of chloroplasts so they were no longer distinct and discoidal, bulging of the vacuole with loss of spherical shape (Fig. 3) , and wrinkling ofthe plasma membrane. The final stage of toxin damage, seen in many protoplasts within 24 hr, was collapsed into cup-shaped clumps of chloroplasts (Fig.  4) (Tables I and II) , N cytoplasm protoplasts were unaffected by 32.5 ,ug/ml, either after 2 days (Table III) or 5 days (Fig. 5) . A further experiment showed that even 65 and 130 ,ug of HMT toxin/ml Plant Physiol. Vol. 61, 1978 (the highest concentrations tested) did not damage N protoplasts after 6 days of exposure, indicating that N protoplasts are at least 2,000 times less sensitive to HMT toxin than T protoplasts. W64A protoplasts with C and S male-sterile cytoplasm were also undamaged by 6 days of exposure to 32.5 ,ug of HMT toxin/ml. HMT filtrate, like HMT toxin, was highly specific for T cytoplasm protoplasts (Table III) . HMT III and Fig. 6 ). Even a 1:20,000 dilution reduced survival of W64A T protoplasts in this experiment. N cytoplasm protoplasts showed reduced survival when treated with 1:100 and 1:40 dilutions of HMT filtrate but similar damage was seen when 1:100 and 1:40 dilutions of Fries medium alone were tested. Only a dilution of 1:20 HMT filtrate caused total destruction of N cytoplasm protoplasts. This damage was probably due to nonspecific fungal metabolites in the culture filtrate.
Comparison of Genotypes. The nuclear genotype used influenced the response of T cytoplasm protoplasts to HMT toxin (Table IV) . Although plants of the same age (12 or 13 days) grown under identical conditions were used and survival of control protoplasts was similar, Mol7 and C 103 T protoplasts were less sensitive to HMT toxin than W64A T protoplasts. Analyses using whole tissues (21) indicate that additional genotypes must be compared to determine whether the observed differences in sensitivity of protoplasts are correlated with disease reactions in the field.
Comparison of Freshly Isolated and Cultured Protoplasts. W64A T protoplasts treated with HMT toxin after I or 2 days of culture in sorbitol + Ca showed toxin damage more slowly and were less sensitive to low toxin levels than freshly isolated protoplasts (Table V) . Thus, culture even in a minimal medium can decrease the sensitivity of protoplasts to HMT toxin. Since no walls were detected on the cultured protoplasts, other morphological, cytological, or physiological changes are probably involved.
Brief Exposure to HMT Toxin. Table VI gives the results of two experiments in which W64A T protoplasts were exposed to HMT toxin (0.65 ,ug/ml) for 5 to 60 min under room illumination and then washed to leave a noninhibitory toxin concentration (<0.00 13 ,ug/ml) in the protoplast suspension. Control protoplasts incubated with sorbitol + Ca for 5 to 60 min and then subjected to the same washing procedure survived well. Five-or 15-min exposure to toxin also allowed substantial survival after 3 days (Table VI ) and even after 6 days (data not shown). Thirty-or 60-min exposure to toxin left most protoplasts unhealthy after I day of culture. By the 2nd day of culture, most protoplasts treated with toxin for 30 or 60 min were collapsed. None survived more than 3 days. Damage appeared somewhat more slowly after brief exposure than with continuous exposure to toxin, but 30-or 60-min treatment with HMT toxin was sufficient to cause irreversible damage to T cytoplasm protoplasts.
Although light microscopy revealed no differences between control and toxin-treated protoplasts immediately after 30 or 60 min of exposure to HMT toxin, electron microscopy showed that mitochondria of W64A T protoplasts treated with toxin (0.65-32.5 ,ug/ml) for 30 or 60 min in the light were severely damaged. Mitochondria of untreated W64A T or toxin-treated W64A N protoplasts looked normal (1; York, unpublished). Physiological studies now in progress may reveal other early toxin effects that lead to the collapse of T cytoplasm protoplasts described in this paper.
Effect of Light. Although few W64A T protoplasts placed in the dark immediately after toxin treatment survived for 24 hr, 423 toxin-treated protoplasts cultured in continuous light looked almost as healthy as the untreated controls after 24 hr (Table VII) . Only after 4 to 5 days were all light-grown toxin-treated protoplasts collapsed. Culture of protoplasts in nutrient medium rather than in sorbitol + Ca alone improved the long term survival of light-grown control protoplasts, but it did not alter the differential response of protoplasts to HMT toxin in light and dark (Table  VII) . Since mitochondria in light-grown T cytoplasm protoplasts were damaged within I hr after toxin treatment (1; York, unpub- Table V . Survival of freshly isolated and cultured W64A T corn mesophyll protoplasts treated with HMT toxin.
Protoplasts from a single isolation were suspended in 0.5 M sorbitol + 10 mM CaCl2-2 H20 at a concentration of 2.5 x 105 protoplasts/ml.
Isnediately af ter isolation and after 1 and 2 days, 0.5 ml aliquots of protoplasts from this suspension were mixed with 0.5 ml of sorbitol + Ca containing 0, 0.013 or 0.13 jg HMT toxin/ml and cultured. Initial protoplast counts in the 1 ml treatments set up after 0, 1 and 2 days of culture in sorbitol + Ca were 1 Protoplasts which were continuously exposed to 0.65 pg HMT toxin/ml (i.e. never washed) had only 1% survival on day 1 and 0% on day 2. iProtoplasts were suspended in 0.5 M sorbitol + 1I mM CaCIl ,2 H,)S.
Aliquots (0.5 ml) were mixed winti 0.5 ml o either sorbitol + Ca or HiMT toxin (1.3 ug/ml) in sorbitol + Ca. tFie initial count was 3.9
x 105 protoplasts/ml. lished), some light-dependent process must allow toxin-treated protoplasts to survive loss of mitochondrial functions for at least 24 hr.
GENERAL DISCUSSION The sensitivity of W64A T protoplast survival to HMT toxin is comparable to that of dark CO2 fixation and respiration of isolated mitochondria, the most sensitive bioassays now used (27) . The relative simplicity of the protoplast experiments and the small quantities of toxin and plant material needed make protoplasts suitable for assays of toxin activity and for studies of physiological, biochemical, and ultrastructural effects of HMT toxin at the cellular level.
Protoplasts containing T cytoplasm are at least 2,000 times more sensitive to HMT toxin than those with N cytoplasm. This degree of specificity allows for reliable screening of populations of T protoplasts for toxin resistance acquired after mutagenesis, fusion with N cytoplasm protoplasts, or uptake of isolated mitochondria. Analysis of the products of such in vitro genetic manipulations can be done even without prior development of techniques for regeneration of callus or plants from protoplasts.
